Ag@SiO 2 @SiO 2 (FITC) nanocomposites were prepared by the simple polyol process and Stöber method. Fluorescence enhancement of fluorescein moiety (fluorescein isothiocyanate, FITC) was investigated in the presence of silver nanoparticles in Ag@SiO 2 -X@SiO 2 (FITC) system with varying thickness (X nm) of first silica shell. Maximum enhancement factor of 4.3 fold was achieved in Ag@SiO 2 -8@SiO 2 (FITC) structure with the first silica shell thickness of 8 nm and the average separation distance of 11 nm between the surface of silver nanoparticle and fluorescein moiety. The enhancement is believed to be originated from increased excitation rate of fluorescein moiety due to concentrated local electromagnetic field which was improved by interaction of light with silver nanoparticles.
Introduction
Fluorescence staining (labeling) has become a dominant technique in medical testing and diagnostics, forensics, cellular and molecular imaging, biotechnology, and basic science research for the last decades. Fluorescence detection is sensitive, easy to use, offer high potential of multiplexing, and alleviates the need of handling radioactive tracer for most biochemical measurements. However, this technique is usually limited by the photostability of the fluorophore, autofluorescence of the sample and the presence of unwanted background signals (noises).
1 In these regards, there has been a great interest of using metallic nanostructures to modify the spectral properties of the fluorophores. The intrinsic properties of metal nanostructures are highly dependent on their size, shape, composition and its crystallinity. Surface plasmon resonance (SPR) is the collective oscillation of electron cloud on the metal surface or localized in small volume of metal nanoparticles caused by the interaction of the metal with incident light 2,3 which leads to absorption and scattering of photons of certain wavelength and is responsible for wide range of color of metal nanoparticles colloid. 4 Additionally, interaction between noble metal nanoparticles and organic adsorbates could give rise to a variety of interesting phenomena such as surface-enhanced Raman scattering (SERS) and metal-enhanced fluorescence (MEF). Ray and co-workers employed layer-by-layer (L-b-L) techniques of poly(styrene sulfonate) (PSS) and poly-(allylamine hydrochloride) (PAH) to study the distance dependent nature of metal-enhanced fluorescence from sulforhodamine B (SRB) assembled on the silver islands films and a maximum of a ~6 fold increase in the fluorescence intensity from a monolayer of the SRB at a distance of ~9 nm from the silver island surface was observed. 5 Aslan and co-workers utilized a simple and rapid wet-chemical technique for the deposition of silver triangles and silver nanorods on conventional glass substrates. They found that these new surfaces are a significant improvement over traditional silver island films for applications in metal-enhanced fluorescence. A routine 16-fold and 50 fold-enhancement in emission intensity was typically observed, for protein-immobilized indocyanine green deposited on silver triangle coated substrate and silver nanorod coated substrate, respectively. 6, 7 Despite the numerous reports on MEF phenomenon on solid substrate, these systems may find difficulties to be applied in biological applications.
Fluorescent nanoparticles are now currently attracting much attention due to its promising application in biological applications such as sensing and imaging. These applications required that the fluorescence nanoparticles should be monodisperse, size controllable, photostable, bright and versatile to surface modification for specific conjugation of biomolecules and / or fluorophores as well as to be arranged in higher order structures. Core@shell structures based on silica nanoparticles fulfills all these requirements by providing robust platform for combining diverse functionalities into single nanocomposite system. 8 Prevention of dissolution of toxic elements by encapsulating the nanocomposite in biologically inert silica shell is an effective method to minimize the toxicity effect and improve chemical stability in aqueous media.
9 Furthermore, silica is "generally considered as safe" (GRAS) by the US Food and Drug Administration (FDA).
10
One representative example of these systems was a model consisting of spherical Au/Ag alloy surrounded by 5 nm silica shell to which is ruthenium dye (Ru(dpp) 3 2+ ) is electrostatically attached on the surface of the silica and fluorescence enhancement dependence of core size was investi-gated.
11 Fabrication of 2-chloro-1,3-dibenzo-thiazolinecyclohexane (DBZTC)/Ag@SiO 2 for detection of superoxide anion was described by Na Li et.al. 12 where optimal fluorescence enhancement with a maximum enhancement factor of 3.1 and 1.82 was obtained with silica shell thickness of 20 nm and 50 nm, respectively. Ag@SiO 2 was treated with aminosilane compound and the DBZTC was loaded onto Ag@SiO 2 surface through reaction between -NH 2 and Cl − functional group. Metal-enhanced fluorescence and upconversion photoluminescence properties of carbon dots adsorbed on the surface of Ag@SiO 2 with maximum enhancement factor of 4 using silica shell thickness of 20 nm. The enhancement factor decreased when the thinner (~10 nm) or thicker (~30 nm) silica shell was employed.
13 However, in these examples, the position of fluorophore on the silica surface might be susceptible to irreversible degradation due to exposure to environment. Metal-enhanced FRET between donor-acceptor pairs in hybrid assemblies of diblock copolymer micelles, quantum dots, dyes and silver nanoparticles on solid substrate 14 and in multilayered coreshell particles 15 had been recently reported. FRET enhancement study in multilayered core-shell particles utilized silver nanoparticles prepared by citrate reduction method. This preparation method usually yields silver nanoparticles with wide distribution of size and shape 16, 17 which may result in non-uniform silica shell coating; bigger particles have thinner shell while small ones have thicker silica shell. This could result in difficulty in determining optimum distance for fluorescence enhancement.
In this work, it was investigated that the fluorescence enhancement factor of fluorescein moieties at the vicinity of silver nanoparticles was dependent to the separated distance in uniform size Ag@SiO 2 @SiO 2 (FITC) nanocomposites prepared by the simple polyol process. The first silica shell allows us to study the distance dependence of fluorescence enhancement of fluorescein moiety in the presence of silver nanoparticles while the second silica shell provides protection to the FITC molecules against irreversible photodegradation when they are exposed to application environment and offers versatility needed for biomolecules conjugation especially in biological application.
Experimental
Chemicals. Silver nitrate (AgNO 3 , 99.9999%, Aldrich), 3-aminopropyl-triethoxysilane (APS, 99%, Aldrich), polyvinylpyrrolidone (PVP K-15, average molecular weight of 10,000, Aldrich), ethylene glycol (EG, 99.5%. Samchun Chemicals), ethanol (EtOH, 95%, Samchun Chemicals), acetone (99.5%, Samchun Chemicals), fluorescein isothiocyanate (FITC, > 90%, Sigma), tetraethylorthosilicate (TEOS, TCI), potassium cyanide (KCN, > 96%, Sigma Aldrich), anhydrous ethanol (99.9%, J.T. Baker) and ammonia solution (28%, Dae Jung Chemicals) were all used to prepare the nanocomposite samples. All chemicals and reagents were used as received without further purification.
Preparation of Ag Nanoparticles. Ag nanoparticles were prepared according to a well-known polyol process. 18 Briefly, 10 g of PVP was dissolved in 75 mL of EG in a 250 mL 1-neck round bottle flask (RBF) under vigorous stirring. After complete dissolution of PVP in the EG, 800 mg AgNO 3 was then added into PVP/EG solution and the mixture was heated to 120 o C with heating rate of 4 o C/min. The mixture was maintained at 120 o C for another 30 min and was rapidly quenched to room temperature by placing it into the water bath to immediately stop the growth of the Ag nanoparticles. The mixture was purified by centrifugation at 4,000 rpm by adding excess amount of acetone to remove unreacted AgNO 3 and excess PVP. The process was repeated 5 times and the PVP-coated Ag nanoparticle, Ag-PVP, was redispersed and stored in EtOH.
Preparation of Ag@SiO 2 -X (X = Thickness of SiO 2 shell). Synthesis of Ag@SiO 2 -X core@shell nanoparticles were carried out by Stöber method.
19 Briefly, 1.0 mL of Ag-PVP nanoparticles solution (204 mg/mL) was diluted into 30 mL EtOH in a 100 mL 1-neck RBF followed by addition of different amount of TEOS (8, 15, 30 50 and 80 µL) under constant magnetic stirring at 400 rpm. After stirring for 10 min, 0.3 mL of ammonia solution (28-30 wt %) was then added into the mixture to initiate the formation of SiO 2 shell. The reaction was maintained at room temperature for 6 h. The resulting Ag@SiO 2 -X suspension was purified by centrifugation at 18,000 rpm for 15 min (3 times) and 3,000 rpm for 10 min followed by redispersion in 30 mL of EtOH.
Preparation of Ag@SiO 2 -X@SiO 2 (FITC). Fluoresceinconjugated silane coupling agent was first synthesized to covalently bind the dye molecule inside silica matrix to prevent dye leakage from the second silica shell and maintain its luminescence. 6 mg of FITC (15.4 μmol) and 7.2 μL of APS (30.8 μmol) were dissolved in anhydrous ethanol inside N 2 -protected glove box. The mixture was stirred in darkness for 8 h under inert atmosphere to allow the coupling reaction between the amine and isothiocyanite groups to proceed and form the reaction product of APS-FITC. The formation of second silica shell to prepare Ag@SiO 2 -X@SiO 2 (FITC) followed a modified Stöber method as described by Imhof et al. 20 Briefly, 1.0 mL of APS-FITC solution (0.5 mg/mL) was added into 30 mL of as-prepared Ag@SiO 2 -X suspension followed by addition of 50 μL TEOS under constant magnetic stirring at 400 rpm. After stirring for 10 min, 0.1 mL of ammonia solution (28-30 wt %) was added into the mixture to initiate the formation of second SiO 2 shell. The reaction was allowed to proceed at room temperature for 6 h. The resulting Ag@SiO 2 -X@SiO 2 (FITC) suspension was purified by centrifugation at 18,000 rpm for 15 min (3 times) and 3,000 rpm for 10 min to remove unreacted APS-FITC followed by redispersion in 30 mL of EtOH for further characterization.
Preparation of Hollow@SiO 2 -X@SiO 2 (FITC). The coreless nanocomposites were prepared by dissolving the silver core with KCN aqueous solution. Briefly, 0.5 mL of 0.01 M KCN aqueous solution was added into ~4 mL of as-prepared Ag@SiO 2 -X@SiO 2 (FITC) nanocomposites suspension (concentration was adjusted to show the maximum absorption intensity at 412 nm to 2.0) under moderate stirring at room temperature. The reaction was monitored by UV-Vis spectrophotometer and was stopped until surface plasmon peak of silver core could no longer be observed in the spectrum. The mixture was purified by centrifugation at 18,000 rpm for 15 min (3 times) with excess water to remove cyanide and silver ions followed by redispersion in EtOH for further characterization.
Characterization. Purification of all samples was performed by using Hanil Supra 22 K high speed centrifuge. TEM images of nanoparticle and nanocomposites samples were recorded with Hitachi H-7600 Transmission Electron Microscope at an accelerating voltage of 100 kV. All samples were first diluted in ethanol, dropped and dried on carboncoated grid (200 meshes) for TEM observation. Absorption and emission spectra of all nanoparticle and nanocomposites samples were measured with Scinco S-3100 UV-Vis Spectrophotometer and JASCO FP-6500 Spectrofluorometer, respectively.
Results and Discussion
Polyol process was chosen to prepare silver nanoparticles despite the green nature of citrate reduction method due to the necessity for better stability, control over surface chemistry and obtaining uniform size nanoparticles. The main feature of this process is that the kinetic control of the precipitation is possible and non-agglomerated metal nanoparticles with controlled size, well defined shape and narrow size distribution can be obtained depending on experimental condition.
21
The metal colloids are formed by involving the following steps: 1) dissolution of the precursor, 2) reduction of the dissolved species by the polyol, and 3) nucleation and growth of the metal species from the solution. Ethylene glycol, silver nitrate and polyvinylpyrrolidone serve as polyol, silver precursor and polymeric capping agent, respectively. The reductant was continuously generated in situ upon heating of ethylene glycol. In typical polyol process, silver atoms were obtained by reducing silver nitrate precursor with ethylene glycol, 22 and PVP playes a critical role in producing silver nanostructures with good stability as well as uniform size and shape.
23 Figure 1 showed as-made silver nanoparticles having an average size of 30 ± 2 nm with main surface plasmon peak centered at 412 nm as shown in UV absorption spectrum. Previous studies reported that both oxygen and nitrogen atom of pyrrolidone unit could promote the adsorption of PVP chain onto the surface of the silver nanoparticles therefore stabilize the particles in the solution.
24,25
Aside from functioning as capping agent, PVP also serves as promoting agent for the silica coating process. PVP is non-ionic, amphiphilic polymer which adsorbs onto a broad range of different materials such as metals (Au, Fe), oxides (Fe 3 O 4 , Al 2 O 3 , TiO 2 ), polystyrene, etc.
26 PVP coated colloids could be directly transferred into a mixture of ethanol and ammonia where smooth and homogenous silica shell of varying thickness ould be grown upon addition of silicon alkoxides precursor. PVP present on the surface of silver nanoparticles from the initial synthetic procedure had an appropriate molar mass for the direct growth of smooth silica shell. The combination of the polyol process with the direct silica coating could provide a quick and simple way to obtain well-defined silica coated silver colloids. The thickness of the silica shell on silver nanoparticles can be precisely tuned by varying the amount of silver nanoparticles, TEOS, and ammonia solution. Figure 2 showed silica coated silver nanoparticles, Ag@SiO 2 -X, with uniform silica shell thickness of 7.6 ± 1.5 nm, 12.4 ± 1.6 nm, 17.9 ± 1.4 nm, 23.8 ± 1.5 nm and 32.0 ± 1.5 nm, being named as Ag@SiO 2 -8, Ag@SiO 2 -12, Ag@SiO 2 -18, Ag@SiO 2 -24, Ag@SiO 2 -32, respectively.
Over the silica shell with various thicknesses grown on the surface of silver nanoparticles, the second silica shell incorporated with fluorescein moieties was formed by employing TEOS and APS-FITC. The first silica shell with various thicknesses allows us to study the distance depen- dence of fluorescence enhancement of fluorescein moiety in the presence of silver nanoparticles along with preventing fluorescence quenching by non-radiative pathways (electronic interaction by donating excited electrons) to silver nanoparticles. The second silica shell in Ag@SiO 2 -X@SiO 2 (FITC) structure as shown in Figure 3 is expected to protect the fluorescein moiety from irreversible photobleaching when the fluorescent nanoparticles were exposed to the normal experimental condition. Furthermore, silanol (Si-OH) groups on the silica surfaces can be easily modified by alkoxysilane derivatives for facilitating the introduction of biomolecules in bioapplication.
9
The coreless hollow nanocomposites shown in Figure 4 were prepared by etching the silver core from the Ag@ SiO 2 -X@SiO 2 (FITC) nanocomposites by using potassium cyanide aqueous solution to clearly confirm the effect of silver nanoparticles on the fluorescence enhancement of core@shell nanocomposites. It should be noted that the fluorescein moiety incorporated into the second silica shell matrix by covalent bonding were not removed by cyanide etching process, therefore, it is possible to compare the emission intensity between fluorescent Ag@SiO 2 -X@SiO 2 (FITC) and that of hollow@SiO 2 -X@SiO 2 (FITC) in quantitative manner. The metallic silver is attacked by cyanide in the presence of air, oxidizing it to Ag(CN) 2 − according to following reaction:
Dissolution of the core requires the transport of both molecular oxygen and cyanide ions through silica shell and outward diffusion of silver cyanide complex anions. It has been reported that silica colloid formed by TEOS have densities substantially below the bulk value indicating the presence of micro and mesoporous cavity ranging from 2 to 50 nm.
28,29
The absorption and emission spectra of Ag@SiO 2 -8 @SiO 2 (FITC) were compared with those of the hollow nanocomposites, hollow@SiO 2 -8@SiO 2 (FITC) in Figure 5 (a) and 5(b), as representative samples. The formation of hollow nanocomposites was clearly detected by UV-Vis absorption spectroscopy as the disappearance of surface plasmon peak of silver nanoparticles ( Figure 5(a) ), corroborating TEM result as shown in Figure 4(a) . The UV absorption and emission spectra of other nanocomposites having different thicknesses of first silica shell were also measured (see supporting information Figure S1 and S2). The fluorescein moiety located near to the surface of first silica shell would experience greater enhancement effect compared to those located further from the surface of first silica shell in the presence of silver core. Since we assumed that fluorescein moieties are uniformly distributed inside the second silica shell, the average separation distance dependent of fluorescence enhancement should be used. The average separation distance between silver nanoparticles and fluorescein moieties can be defined as the distance from the surface of silver nanoparticle to the center of second silica shell. The maximum fluorescence emission enhancement of 4.3 folds (Figure 5(b) ) was obtained with Ag@SiO 2 -8 @SiO 2 (FITC) nanocomposites where the average separation distance between silver surface and fluorescein moiety was 11 nm. The enhancement factor decreased progressively as the thickness of the first silica shell increased, and ultimately the average separation distance did, as shown in Figure 5(c) . Interestingly, the fluorescence intensities of the Ag@SiO 2 -32@SiO 2 (FITC) and hollow@SiO 2 -32@SiO 2 (FITC) remained unchanged independent on the presence of silver core where the thickness of the first silica shell and average separation distance were increased to 32 nm and 36 nm, respectively. At this point, it is expected that the separation distance is far enough that the localized surface plasmon resonance from the silver core can no longer affect the local field near the fluorescein moieties. However, it is hard to decide whether the fluorescence intensity of the nanocomposites of Ag@SiO 2 -X@SiO 2 (FITC) with even thinner first silica shell would be further enhanced or quenched since the thinner first silica shell (e.g less than 8 nm) could not be grown uniformly onto the surface of silver nanoparticles using the current experimental procedure.
It has been reported that metal nanoparticles can give unusual effects on nearby fluorophores. 30 The spectral properties of fluorophores can be significantly modified by near-field interaction where interactions between excited states of fluorophores and surface plasmonic electrons polarize the metal and impose a reactive field on the fluorophore. Several interactions between fluorophores and metal nanoparticles include changes of radiative decay rates of the fluorophores, enhanced local electromagnetic field and fluorescence quenching at short distances from the metal surface. The presence of nearby metal nanoparticles can modify intrinsic radiative decay rates of the fluorophores, in other words to change the rate at which the fluorophore emit photons. Since the fluorescence quantum yield of fluorescein is very high, that is almost unity (0.93), 31 additional radiative decay rates cannot give significant enhancement of the quantum yield of the fluorescein. Therefore, enhanced fluorescence should result from two competing phenomena, the increased excitation rate of fluorophore and fluorescence quenching. Quenching occurs by Forster energy transfer to surface plasmon absorption of the metal. This effect decreases with the cube of the distance (r) between the surface of metal nanoparticles and the fluorophores (r ) and can be understood by damping of dipole oscillation by the nearby metal nanoparticles. 32 Since quenching effect decays more rapidly from the surface of metal core than enhanced local electromagnetic field, there should be an optimum separation distance from the metal surface where the fluorophore will experience largest enhancement effect.
The fluorescence enhancement observed in current work could be understood as a result from modification of local electromagnetic field intensity in the vicinity of fluorescein moities by the localized surface plasmon resonance at the surface of silver nanoparticles. The local field was proportional to the incident light field where the light intensity was proportional to the square of the field. Additionally the excitation rate intensity was directly proportional to the square of local field amplitude. 11, 30 Upon excitation of surface plasmon by light, charges would be concentrated at the metal-dielectric interface resulting in a strong amplification of local electric field (known as "lighting rod effect") which greatly enhanced the excitation rate of fluorescein moities in the vicinity of silver nanoparticles. 33 Enhanced local electro- magnetic field in close proximity to the metal nanoparticles accounted for the increased absorption cross section of the fluorophores which further facilitated enhanced fluorescence emission intensity. The results were also in agreement with the fact that the position of surface plasmon of silver nanoparticles coincided with the absorption spectrum of fluorescein moities.
Conclusion
We were able to prepare a uniform Ag@SiO 2 -X@ SiO 2 (FITC) nanocomposites along with their corresponding hollow structures by using a simple method. The maximum MEF enhancement factor of 4.3 was obtained when Ag@SiO 2 -X@SiO 2 (FITC) nanocomposites had the thinnest first silica shell of 8 nm and the average separation distance between the surface of silver nanopartilces and fluorescein moities was 11 nm, which was consistent with reported values. 5, 13, 15 As the thickness of the first silica shell was increased to 32 nm, the localized surface plasmon from the silver nanoparticles could no longer affect the fluorescence intensity of the fluorescein moities. The enhancement is believed to be due to concentrated local electromagnetic field in the vicinity of fluorescein moieties by the localized surface plasmon resonance at the surface of silver nanoparticles which enhances the excitation rate of fluorescein moieties and eventually leads to an increase in the emitted fluorescence intensity. It is expected that these results of distance-dependent fluorescence enhancement in Ag@SiO 2 -X@SiO 2 (FITC) nanocomposites could be useful to design enhanced fluorescent labels for bio-imaging and sensing applications.
Supporting Information. UV-Vis absorption and photoluminescent spectra of Ag@SiO 2 -X@SiO 2 (FITC) and hollow @SiO 2 -X@SiO 2 (FITC) nanocomposites having different thicknesses of the first silica shell
